IN THEIR ARTICLE, Philp and colleagues (8) show that supraphysiological levels of pyruvate have multiple effects on myotubes in vitro. In response to exogenous pyruvate, glucose uptake and glucose transporter 4 (GLUT4) expression were downregulated, as was content of peroxisome proliferator-activated receptor-␥ coactivator-1␣ (PGC-1␣) mRNA and protein. At the same time, pyruvate treatment upregulated levels of mitochondrial proteins and mRNAs for those proteins. Seemingly, pyruvate overload caused mitochondrial biogenesis by a PGC-1␣-independent mechanism. Thinking as physiologists, Philp and associates sought not only to change cell substrate supply and use but also to increase TCA cycle flux by addition of the pyruvate dehydrogenase activator dichloroacetate and the TCA "anaplerotic" (adding to) moiety glutamine to the incubation media. Those treatments had the effects of restoring glucose uptake and PGC-1␣ levels, but collapsed the cellular NAD ϩ / NADH. Neither the authors nor other physiologists should be surprised by the observed effects of pyruvate overload on substrate partitioning and gene expression in a cell model system studied in vitro.
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As models for the metabolic regulation that occurs in human tissues in vivo, cell culture systems have their limitations, and experimental results need to be compared with what happens in vivo if the cellular data are to be interpreted in a physiologically meaningful way to help gain information on the mechanism of action. Physiologists appreciate that, save for reflex movements, muscle contractions are under cerebral command in vivo. As well, while the feed-forward commands for muscles to contract are of central origin, physiologists also understand that feed-forward and feedback loops exist at systemic and local levels. This knowledge is helpful in terms of appreciating and discerning what is cause and effect and what is regulatory or the consequence of regulation in vivo.
The literature on muscle metabolism in exercising humans provides support for the findings of Philp et al. For example, published work shows that sustained exercise results in major changes in systemic concentrations of metabolites and ions, levels of endocrine, paracrine, and autocrine agents, and a host of other variables. Many of those changes occur to preserve cellular ATP homeostasis (2) . However, in important ways things are different in vivo than in vitro. With relevance to the high pyruvate levels used by Philp et al., sustained exercise can significantly change circulating pyruvate concentrations, but the changes are micromolar, whereas millimolar changes occur in lactate concentration (1, 6) . In addition, when added to blood, a pyruvate tracer rapidly equilibrates with lactate (6, 9) . Furthermore, it is exogenous lactate, not pyruvate, that gains access to the TCA cycle (3). Hence, for exogenous pyruvate or lactate, a model presented in Fig. 1 Fig. 7 . It is known that raising arterial lactate concentration ([lactate]) to 4 mM by infusion of exogenous lactate in humans suppresses glucose disposal during rest and exercise (7) . Exogenous or endogenous lactate in humans also suppresses fatty acid mobilization as well as muscle uptake and oxidation. Hence, the results and model (Fig. 7E) of Philp et al. provide mechanistic insights into the regulation of energy substrate partitioning in working human muscle. However, in humans, exogenous lactate has only a minor effect on metabolic rate, as determined by oxygen consumption, especially during exercise when substrate supply does not limit ADP phosphorylation for ATP homeostasis (7).
Philp et al. justify the use of very high levels of exogenous pyruvate as a follow-up to a previous report on the effect of pyruvate on mitochondrial biogenesis (10) . In vivo the [lactate]/[pyruvate] ratio is minimally 10 and increases an order of magnitude during exercise (6) . With L6 myocytes (a cell line derived from rat muscle), Hashimoto et al. (5) observed that incubation with 10 and 20 mM lactate increased PGC-1␣ expression. As well, exercise training of sufficient intensity to raise circulating lactate induces mitochondrial biogenesis and monocarboxylate (i.e., lactate/pyruvate) transporter expression (4) . Hence, by comparison with the results of Philp et al., who studied the effects of exogenous pyruvate, a possible implication is that exogenous substrates affect gene regulation by changing redox status (1) .
In summary, Philp and colleagues should be complimented for their efforts to use a cell system to bring insight to the regulation of energy substrate partitioning and gene expression. So far as regulation of mitochondrial biogenesis is concerned, their results are not a denial of the role of PGC-1␣; however, the results do harken to the physiologist's admonition to relate the results obtained on isolated cells and cell systems to what happens in vivo, where the driving forces of feedforward regulation from motor cortex and the sympathetic nervous system are balanced by multiple redundant and distributed feedback mechanisms (2) .
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